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The interaction of ionized flames and electric fields has attracted a lot of attention. The chemiionization reaction is widely regarded as the source of charged species in the flow [1] [2] [3] [4] . These charged species have been studied extensively during the past few decades for several reasons. They can be used in conjunction with (strong) external electric fields to enhance flame stability [4, 5] , or ignite combustible mixtures with a spark plug [6] [7] [8] [9] [10] . Starikovskaia [11] presents a comprehensive review on plasma assisted ignition and combustion, which can be used to lower the ignition temperature significantly [12] . Another option pioneered recently is to use electric current measurements, to investigate the thermo-acoustic behavior of flames [13] . This current can also be used as a measure for the equivalence ratio [14] .
Initially most research concentrated on determining the concentrations of charged species in ionized methane or acetylene flames [1, 2, 15] . Numerical studies on the charged species concentrations have also been conducted, with a special interest in the reaction mechanisms (e.g. [3, 16, 17] ). Prager et al. [18] investigated the charged species concentrations of ionized flames to assess the diffusion of the charged species. Strong applied electric fields influence the flame stand-off distance to the burner deck [5, 19] . This behavior has also been studied numerically to investigate its effect on flame stabilization [4] . A comprehensive overview of the conducted research on ionized flames has been given by Fialkov [5] .
Although a large number of researchers have shown an interest in flame plasmas and electric fields in flames, few studies have been dedicated to the electric currents induced by externally applied potentials. Peeters and Vinckier [20] found that the electric current saturates at certain electric field strengths. At smaller electric field strengths, the current is an approximately linear function of the applied potential. In this linear region it has been noticed that the gradient strongly depends on the polarity of the applied potential [20] . This so-called diodic effect has been theorized to be strongly related to the distance between the negative electrode and the flame front [14] . Papac and Dunn-Rankin [21] numerically computed the electric current, based on the flux of ions. The total current however, is actually primarily caused by the high mobility of electrons [13] .
A quasi-neutrality assumption is usually used to compute the concentrations of charged species, to significantly reduce the computational time [4, 16] . This assumes the concentration of electrons to balance the charge carried by the ions. Quasi-neutrality can also be enforced by using ambipolar diffusion, where diffusion by the internal electric field is taken into account [17, 18] . This is usually done by employing an electric drift velocity, either based on an assumed electric mobility [4, 21] , or the Einstein relation [4, 17] . Cancian et al. [17] computed the plasma parameter and concluded that this approach is possibly not applicable. External electric fields are commonly taken into account by utilizing Poisson's equation. These modeling studies focussed on the effect of the electric field on flame stabilization and ion concentrations, but did not investigate the electric current systematically.
The main objective of this study is to develop a physical and numerical model that comprises of the full computation of the charge density, with computed electric forces acting on the charged species, in order to compute the electric current in a flat flame. The full multi-component diffusion is used to model the electric field and molecular diffusion. This model is computationally more expensive, but circumvents the need for electric mobilities, that need to be estimated and which are used in mixture averaged and Lewis based diffusion models. Furthermore, the model takes the external electric field into account by employing Poisson's equation.
Numerical simulations and experiments are performed to validate the model and to assess its ability to predict electric currents. The model is subsequently used to investigate the most important differences between the saturation and the non-saturation regime. Furthermore the diodic effect is studied numerically and an investigation is performed on the relation between the saturation current and the mixture equivalence ratio.
Experimental setup

Burner and mixture preparation
The commercially available McKenna burner from Holthuis & Associates [22] is used to stabilize the investigated laminar flat flames. Through the piping embedded in the sintered stainless steel matrix, a chiller circulates a coolant with a constant flow rate of 0:25 L min À1 and a fixed inlet temperature at the burner of 288 K. A shielding nitrogen flow passes through a bronze shroud ring, which encloses the burner mouth, to avoid mixing of the reacting mixture with the ambient air.
Electronic mass flow controllers are used in combination with a control unit for the precise adjustment of the sample gas flow rates. The fuel (methane: purity > 99.5%) and synthetic dry air (oxygen: 21%, nitrogen: 79%, purity > 99:99%) are combined through a tee connector directly upon leaving the flow controllers to allow for a proper mixing before entering the burner.
Generally, the flow rates are adjusted in terms of 'standard liters per minute' (slpm), corresponding to volumetric flow rates that are corrected to standard conditions (T ¼ 273:15 K; p ¼ 101:325 kPa). As a baseline for our studies, we use a sample flame that was previously investigated by Weigand et al. [23] in the context of flame temperature measurements. The equivalence ratio is varied by changing the air flow rate while maintaining a constant fuel flow rate. This way, a variation in the amount of created charge carriers due to a change in the supplied amount of fuel can be excluded. However, one must bear in mind that a variation of the equivalence ratio in this manner results in a variation in the overall mixture flow rate and consequently the flame stand-off distance and heat transfer into the burner. For the shielding nitrogen flow, a flow rate of 5 slpm is adjusted at all times.
Electrode geometry and alignment
A dense wire gauze placed downstream and in parallel to the burner mouth is used to mimic a flat electrode, allowing the hot combustion gases to pass without major resistance. The of 0:63 mm diameter wire is made of a heat resistant, iron based alloy (CrAl 25 5 according to DIN 17470 [24] ). It is woven symmetrically with an aperture width of 1 mm, resulting in an average gauze thickness of about 1:7 mm. With the burner surface acting as the reference electrode, a nearly uniform one-dimensional electric field can be established across the entire flame surface. The electric field properties in the inner-electrode space can therefore be considered as nearly homogeneous, allowing for a one-dimensional numerical modeling of the problem. The electrode distance, d, is defined as the gap width between the burner and the surface of the gauze facing the burner mouth, see Fig. 1 . Peeters and Vinckier [20] performed experiments with a similar electrode configuration on a Powling-Egerton type burner, but they used a solid, water-cooled brass plate as a downstream electrode. The wire gauze is not cooled, and therefore heats up considerably when exposed to the flame, resulting in a glowing for close distances to the flame. An impact of the electrode on the flame characteristics, e.g. due to thermal radiation, can therefore not be excluded. This is discussed in more detail in Section 4. Figure 1 illustrates a schematic of the current detection circuit. An externally triggered polarity switch is integrated in the circuit to automatically switch of the electrode polarity. The ionization current is measured across a precision resistor using an isolation amplifier and the signal is subsequently filtered and converted to a suitable voltage output for the data acquisition unit.
Model description
Ionized flames are described by the one-dimensional conservation equations for steady, compressible, reacting flows in the presence of electric fields. Conservation of mass of a steady fluid flow, with density q and flow velocity u is given by
where x represents the spatial coordinate. The momentum equation is not solved here, because the flow under consideration is a low Mach number flow, and a one-dimensional geometry is assumed. The pressure is assumed to be spatially constant under the so-called combustion approximation [25] . It is furthermore assumed that the electric forces are negligibly small compared to the atmospheric pressure. It is furthermore assumed that the electric forces are negligibly small compared to the atmospheric pressure. Throughout this study a constant atmospheric pressure is assumed. To represent the different species i out of N s , with mass fractions Y i , the species mass conservation equation is described by
where U i is the diffusion velocity and _ x i represents the source term of species i. The diffusion flux qY i U i of species i is given by [26] 
where D T i and D ij represent the thermal and generalized diffusion coefficients, respectively. These diffusion coefficients depend on the concentrations of all species in the mixture and their binary diffusion coefficients and are solved for in an iterative fashion through the method of Ern and Giovangigli [26] . The electrons are treated as particles throughout this study and their diffusion coefficients are computed similarly as the other charged and neutral species, through the use of the Stockmayer potential [27] , which has some limitations in the computation of the binary diffusion coefficient of charged species. The multi-component diffusion model does not need electric mobilities, because they are implicitly taken into account through the body forces.
The components of the diffusion vector in species space, d j , are described by [26] 
where X j denotes the mole fraction of species j and the pressure is given by p. The acceleration, b k , of a single particle of species k can be written as
N A denotes Avogadro's number, e represents the elementary charge, S k the species charge number and M k denotes the molar mass of species k. To compute the electric field strength E, its relation to the electric potential U is used as
The electric potential is computed by solving Poisson's equation, while the other parts of Maxwell's equations are neglected, under the assumption that the variations of the magnetic field vanish [28] . Poisson's equation is given by
In this equation e 0 represents the permittivity of free space and the charge density q is written as
Here q i represents the charge density of species i. This formulation of the charge density introduces a strong stiffness in the system of equations [18] . Usually this stiffness is dealt with by using the quasi-neutrality assumption, but in the current study the full expression is used to investigate the validity of the quasi-neutrality assumption. The temperature T of the fluid is governed by the enthalpy equation, described by
where h represents the mass specific enthalpy, which is related to the temperature T through the NASA polynomials [29] . In this equation W e is the work dissipated by the electric field and / q represents the heat flux that is computed from
where k represents the heat conductivity and R is the universal gas constant. The work dissipated by the electric field on the flow, W e , is given by
where the current density is computed as
Finally the electric current is computed from
where A denotes the burner surface area. This model is implemented in the CHEM1D [30] flame simulation software.
Boundary conditions
The flux boundary condition at x ¼ 0 mm for the neutral species is given by
This boundary condition models the interaction between the flow and the burner deck at the inflow boundary. Here the mass flow rate is computed as _ m ¼ qu and the subscript B denotes a set boundary value. The boundary condition for the enthalpy is given as T ¼ T B and an enthalpy flux can occur to the burner deck at the inflow boundary, due to conduction. The charged species require a separate treatment at the boundaries. If the applied potential is positive at x ¼ d, the cations are assumed to flow in the opposite direction of the neutral species. At the cathode (negative electrode in this case) this is modeled with a Neumann outflow boundary condition for the mass fraction. The concentration of electrons are assumed to be zero at the cathode. This is modeled with Y e À ¼ 0. At the anode this situation is reversed.
Chemical mechanism
Following the work of Belhi et al. [4] a simple ionization mechanism has been added to GRImech 3.0 [31] . The first step in the production of charged species is commonly accepted to be the chemi-ionization reaction, described by
with a rate constant k 1 given by [3, 4] 
The second step in the ionization mechanism is the proton transfer reaction, written as
with a rate constant given by [3] 
The final reaction under consideration is the recombination reaction, given by
with a rate constant of [4] [2] , is represented in this mechanism. Although more extensive mechanisms are available, a limited mechanism is used for the sake of simplicity.
Results
Validation of numerical model
To validate the numerical model, first the electric currents as a function of the applied electric potential are computed with the model and compared to the experimental values for electrode distances of 3:7 mm; 10 mm and 20 mm. The burner plate is considered to be the ground electrode and the computational domain extends to the second electrode at distance d. The inflow temperature is set to 288 K and the inflow mixture mass flow rate is 1:23 g cm À2 s À1 , corresponding to the adjusted methane flow rate of 1:733 slpm at stochiometric conditions. Figure 2 shows the electric current as a function of the applied electric field for the different electrode distances under consideration. Note that a positive potential value denotes a positive polarity at the downstream electrode. The close agreement of the saturation currents obtained for different electrode distances indicates that the influence of the electrode presence on the combustion is very similar for all considered electrode distances, if it has an impact at all.
To estimate if thermionic emissions can have an impact on the measured electric currents, the expectable current density can be computed from the Richardson-Dushman equation, given by [32] 
where j B is Boltzmann's constant. Richardson's constant A G equals 6:009 Â 10 9 cm 2 K 2 [32] and the electron work function W s equals 4:6 eV [32] . A decent assumption for the temperature of the wire gauze electrode is 1500 K, which amounts to an electric current of 1:3 lA, or about 1:9% of the measured saturation current of 70 lA, caused by thermoionic emissions.
Furthermore the positive and negative saturation currents were very similar in the experiment. If there was a significant level of thermionic emission, a noticeable impact (i.e. difference) on the saturation current for positive and negative polarity should be observable, according to the Schottky emission theory, however. It can thus be concluded that thermionic emissions are negligible.
The experimentally determined currents and the computed currents have been normalized with the saturation values I sat;exp and I sat;num , respectively, to compare them qualitatively. The saturation current for the numerical simulations amounts to 197 lA in all cases and the saturation current in the experiments is approximately 70 lA. To investigate the reason for this difference, the dependence of the saturation current on the binary diffusivities and the reactivity of reaction (C1) is checked. When the binary diffusion coefficients of H 3 O þ are doubled, the simulated saturation current remains 197 lA. If the rate constant in Eq. (15) is doubled, the simulated saturation current doubles to 394 lA. This means that the saturation current is directly proportional to the rate constant of the chemi-ionization reaction and more research on the chemical mechanism is required.
Looking at Fig. 2 it can be seen that, qualitatively, the numerical model agrees well with the experimental data. The model is able to predict the diodic effect and it also correctly shows the saturation of the current, as it is observed in the experiment. The onset of saturation is predicted at smaller bias potentials than in the experiments and the onset of saturation is more sudden.
Saturation regime and diodic effect
The numerical model is now used to investigate the differences in the saturation and non-saturation regime. Figure 3 compares the ion and electron mole fractions for several applied potentials in order to study the physical phenomena that cause saturation for positive and negative polarity.
The peak mole fractions of the electrons and ions for the applied potential of À169 V are approximately the same. At an applied potential of À250 V however, the mole fraction of the electrons is approximately zero, while the mole fraction of the cations is a lot smaller than for the non-saturation case, but does not vanish. This can also be observed when the saturation and non-saturation cases for the positive potentials are compared. At saturation, the electrons are immediately drawn from the reaction zone. This strong separation between the electrons and ions, causes a negligible reaction rate for reaction (C3). A strong charge separation can be observed in Fig. 3 for all cases displayed. This means that the quasi-neutrality assumption is invalid when studying flame plasmas with applied potentials of the studied magnitude.
When the positive and negative non-saturation cases are compared, it can be seen that for the negative polarity the electrons are absent downstream of the flame front, while for positive polarity this happens upstream of the flame front. The electric field is strong enough to pull all the electrons to the positively charged side of the flow field. Comparing the ion mole fractions, it can be seen that the cations leave the domain at the negatively charged electrode, due to electric forces. In the case of the ions, which are approximately four orders of magnitude heavier than the electrons, the electric field cannot attract them all to the negatively charged electrode. The distance between the flame front and the negatively charged electrode to be overcome is much larger for the negative polarity and this results in the so-called diodic effect. Figure 4 shows the current densities as a function of the distance from the burner plate for the potentials discussed in Fig. 3 . J þ represents the current density caused by the movement of cations and J À represents the current density caused by the movement of electrons. When J þ for the saturation case of À250 V is compared to J þ for the non-saturation case of À169 V, it can be seen that in the non-saturation case, cations are also moving in the direction of the positive electrode (J þ < 0) under the influence of Fickian diffusion. The other causes for diffusion considered here (electric field and temperature gradient) would cause a negative value for J þ , but Fickian diffusion causes a positive value, because the gradient of the ion concentration is negative in the region where J þ is positive. In contrast, in the saturation case the cations only move towards the negatively charged electrode. This can be observed when comparing the positive saturation and non-saturation cases (J þ < 0). It is observed from J À that the electrons in all cases only move towards the positively charged electrode.
It can be concluded that saturation is caused by two distinct processes. First of all, for the electrons, the applied electric field becomes strong enough to dominate over the internal electric field, which usually results in ambipolar diffusion due to the interactions of ions and electrons. Secondly, for the cations, the electric field becomes strong enough to dominate over the Fickian diffusion, which governs the non-saturation regime.
Influence of equivalence ratio on the saturation currents
In experimental works a characteristic relation between the saturation current and the equivalence ratio is often encountered. To verify if this can also be predicted by the numerical model, the saturation current at 300 V is simulated for a Fig. 3 . Comparison between simulated charged species mole fraction profiles for a negative polarity saturation and non-saturation case and a positive polarity nonsaturation and saturation case. The electrode distance d is 3:7 mm and the entire computational domain is shown. Cations (Ã) and electrons () are plotted separately and the location of the flame front (maximum heat release) is indicated by the vertical dash-dotted line. Fig. 4 . Comparison of simulated current densities for negative and positive polarity for the non-saturation and the saturation case, with a given electrode distance of 3:7 mm. The location of the flame front (maximum heat release) is indicated by the vertical dash-dotted line. The legend is given in Fig. 3. range of equivalence ratios. The equivalence ratio is changed by changing the air flow, while keeping the fuel mass flow rate constant, as it was done in the experiments. Figure 5 shows a comparison between the scaled simulation results and the scaled experimental values of the saturation current as a function of the equivalence ratio. The model predicts the saturation current well in the lean combustion regime. The overall peak value, between / ¼ 1:05 and / ¼ 1:10 is also captured quite accurately, but beyond an equivalence ratio of 1:1 the performance of the model deteriorates. This can be attributed to the absence of C 3 H þ 3 and CH þ 3 in the chemical mechanism, which is the dominant cation in rich methane flames [2] , whereas the dominant cation in lean methane flames, H 3 O þ is represented in the mechanism. The integrated source term of the electrons has also been plotted in Fig. 5 . It can be seen that the saturation currents and the integrated source term overlap, which means that in the saturation regime, the electric current is determined solely by the amount of charged species created, as can be expected by the conclusions of subSection 4.2. This also supports the conclusion that the discrepancy between the model and the experiment at the rich side is caused by insufficiencies in the chemical mechanism. Table 1 shows a comparison between the computed flame temperature, T b , and the flame temperature as determined experimentally [23] by means of CARS. The differences between the computed and the measured flame temperatures are relatively small, indicating that the deviations in the saturation current are unlikely to be caused by errors in the predictions of the heat loss to the burner deck.
Conclusions
A physical and computational model was developed to compute the electric currents in one-dimensional flames. It has been shown that the model agrees well with the experimentally observed current-voltage relationship for a range of electrode distances. The model was able to predict saturation of the electric current as well as the diodic effect. It is also able to predict the saturation current as a function of the equivalence ratio in the lean combustion regime. The discrepancy at rich conditions is attributed to the absence of C 3 H The magnitude of the saturation current was found to be independent of the diffusion coefficients and to solely dependent on the total number of charged particles created in the flame front. The deviation found in the absolute values of the currents is attributed to the rate constant of the chemi-ionization reaction.
It was concluded that two distinct processes form the physical mechanism behind the saturation of the electric current. First of all, the electric field becomes strong enough to deplete the flame plasma of electrons, because it dominates over ambipolar diffusion. And secondly the electric field becomes strong enough to dominate over the Fickian diffusion that is important in the motion of ions. The diodic effect was concluded to be caused by the difference in mass or mobility between the electrons and ions and the distance that the ions have to travel to reach the cathode. 
